Neuronal calcium (Ca 2+ )-binding proteins 1 and 2 (NECAB1/2) are members of the phylogenetically conserved EF-hand Ca 2+ -binding protein superfamily. To date, NECABs have been explored only to a limited extent and, so far, not at all at the spinal level. Here, we describe the distribution, phenotype, and nerve injury-induced regulation of NECAB1/NECAB2 in mouse dorsal root ganglia (DRGs) and spinal cord. In DRGs, NECAB1/2 are expressed in around 70% of mainly small-and medium-sized neurons. Many colocalize with calcitonin gene-related peptide and isolectin B4, and thus represent nociceptors. NECAB1/2 neurons are much more abundant in DRGs than the Ca 2+ -binding proteins (parvalbumin, calbindin, calretinin, and secretagogin) studied to date. In the spinal cord, the NECAB1/2 distribution is mainly complementary. NECAB1 labels interneurons and a plexus of processes in superficial layers of the dorsal horn, commissural neurons in the intermediate area, and motor neurons in the ventral horn. Using CLARITY, a novel, bilaterally connected neuronal system with dendrites that embrace the dorsal columns like palisades is observed. NECAB2 is present in cell bodies and presynaptic boutons across the spinal cord. In the dorsal horn, most NECAB1/2 neurons are glutamatergic. Both NECAB1/2 are transported into dorsal roots and peripheral nerves. Peripheral nerve injury reduces NECAB2, but not NECAB1, expression in DRG neurons. Our study identifies NECAB1/2 as abundant Ca 2+ -binding proteins in painrelated DRG neurons and a variety of spinal systems, providing molecular markers for known and unknown neuron populations of mechanosensory and pain circuits in the spinal cord.
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commissural interneurons | GAD67 | neuropathic pain | VGLUT2 C alcium (Ca 2+ ) plays a crucial role in many and diverse cellular processes, including neurotransmission (1) . Glutamate and neuropeptides are neurotransmitters released from the central terminals of dorsal root ganglion (DRG) neurons in the spinal dorsal horn, where signals for different sensory modalities, including pain, are conveyed to higher centers (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Neurotransmitter release is tightly regulated by Ca 2+ -dependent SNARE proteins whose activity is regulated by Ca 2+ -binding proteins (CaBPs) (1, 7, 13) .
Parvalbumin (PV), calbindin D-28K (CB), calretinin (CR), and secretagogin (Scgn) are extensively studied EF-hand CaBPs, and they have also emerged as valuable anatomical markers for morphologically and functionally distinct neuronal subpopulations (14) (15) (16) (17) . The expression of CaBPs in DRG neurons has been thoroughly studied (18). Moreover, neuronal Ca 2+ sensor 1 and downstream regulatory element-antagonist modulator (DREAM) are also EF-hand Ca 2+ -binding proteins in DRGs and the spinal cord (19, 20) . Despite these advances, a CaBP has so far not been characterized in the majority of small-and medium-sized DRG neurons, many of which represent nociceptors.
The subfamily of neuronal Ca 2+ -binding proteins (NECABs) consists of three members (NECAB1-NECAB3), probably as a result of gene duplication (21). NECABs are also EF-hand proteins, with one pair of EF-hand motifs in the N terminus and a putative antibiotic biosynthesis monooxygenase domain in the C terminus, which are linked by a NECAB homogeneous region (22). NECAB1/2 are restricted to the nervous system, whereas NECAB3 is also expressed in the heart and skeletal muscle (21).
NECAB1 was first identified as the target protein of synaptotagmin I C2A-domain by affinity chromatography, with its expression restricted to layer 4 cortical pyramidal neurons, inhibitory interneurons, and hippocampal CA2 pyramidal cells in mouse brain (21, 23) . The gene of the second member was cloned from mouse and initially named Necab. It encodes a 389-aa (NECAB2) (24). NECAB2 was identified as a downstream target of Pax6 in mouse retina, which is involved in retinal development (24, 25) , as well as being a binding partner for the adenosine A 2A receptor (22) . Furthermore, an interaction between NECAB2 and metabotropic glutamate receptor 5 (mGluR5) was demonstrated in rat hippocampal pyramidal cells, possibly regulating mGluR5's coupling to its signaling machinery (26) .
Significance
Calcium-binding proteins (CaBPs) are key determinants of cellular functions, as well as useful anatomical markers for neural subpopulations. Here, we reveal the distribution and phenotypes of neurons expressing neuronal calcium-binding proteins 1 and 2 (NECAB1/2) in intact mouse dorsal root ganglia (DRGs) and spinal cord and after nerve injury using immunohistochemistry and the CLARITY method. In DRGs, NECAB1/2 are expressed in high numbers (∼70%) of all DRG neurons, including nociceptors. Axonal injury down-regulates NECAB2 in DRGs. In spinal cord, NECAB1/2 show a complementary distribution, mostly in excitatory neurons, and represent unique molecular markers for commissural neurons originally described by Ramón y Cajal. Our characterization of NECABs at the spinal level provides a basis for exploring their role in sensory functions, particularly pain.
Finally, NECAB3, also known as XB51, was isolated as an interacting target for the neuron-specific X11-like protein and is possibly involved in the pathogenesis of Alzheimer's disease (27, 28) .
Very recently, NECAB1/2 were shown to have complementary expression patterns in mouse hippocampus at the mRNA and protein levels, whereas NECAB3 is broadly distributed in the hippocampus (29) . NECAB1-expressing cells were seen throughout the cell-sparse layers of Ammon's horn and the hilus of the dentate gyrus. In contrast, NECAB2 is enriched in pyramidal cells of the CA2 region. A minority of NECAB1 + neurons were GABAergic yet did not coexpress PV, CB, or CR (29) .
Here, we investigated the expression of NECAB1/2 in mouse DRGs and spinal cord using quantitative PCR (qPCR), immunohistochemistry (also combined with CLARITY) (30) , and Western blotting. We compared the distribution of NECABs with that of the four CaBPs restricted to neurons, PV, CB, CR, or Scgn. NECAB + neurons in the spinal dorsal horn were phenotyped using transgenic mice harboring genetic markers for excitatory [vesicular glutamate transporter 2 (VGLUT2)] (31) or inhibitory [glutamate decarboxylase 67 (GAD67)] (32) cell identities. Finally, the effect of peripheral nerve injury was analyzed.
Results
NECAB1/2 Are Expressed in Pain-Related DRG Neurons. The NECAB1/2 antibodies were validated by Western blotting and antigen adsorption ( Fig. S1 A and C) . The anti-NECAB1 antibody revealed a strong band at the calculated molecular mass of the target protein (41 kDa), whereas the NECAB2 antiserum produced two bands at 44 kDa and 39 kDa in protein lysates from mouse DRGs. Previous studies have shown that NECAB2 has two isoforms (43.4 kDa and 39.4 kDa), reflecting two conserved Kozak consensus sequences ( Fig. S1B ; conserved positions are labeled with numbers). Moreover, antibody staining with both NECABs disappeared in adjacent sections upon preincubation with the corresponding antigen at a concentration of 10 −6 M overnight (Fig. S1C ). Taken together, these results support specificity for the staining patterns obtained with both NECAB1/2 antisera. Both NECAB1/2 were abundant in the mouse DRGs and found in 64.9 ± 2.0% and 73.2 ± 1.7% of all propidium iodide-stained neuron profiles (NPs), respectively (Fig. 1C) . NECAB1 represented cytoplasmic staining of graded intensity, mainly in smalland medium-sized neurons ( Fig. 1 A and C) . Intraganglionic axons could also be seen (Fig. 1C and Fig. S1C ). NECAB2 showed a similar staining pattern ( Fig. 1 A and C) . The overlapping size distributions, together with the high percentages of total DRG neurons expressing either protein, predict a fairly high degree of coexistence of the two NECABs.
To determine the phenotype of neurons that express NECAB1 or NECAB2, we used the classic peptidergic marker calcitonin gene-related peptide (CGRP); the nonpeptidergic marker isolectin B4 (IB4) from Griffonia simplicifolia; and neurofilament 200, a marker for neurons with myelinated axons (Fig. 1 B and  C) . NECAB1/2 revealed similar neuronal phenotypes with regard to these markers. Thus, around 40% of the NECAB1 + and NECAB2 + NPs were peptidergic and 25-30% were myelinated ( Fig. 1 B and C) . However, 42.5 ± 2.5% of the NECAB1 + neurons colocalized with IB4 vs. only 25.3 ± 2.0% for NECAB2 ( Fig. 1 B and C) .
In contrast to the high proportion of NECABs in small-and medium-sized neurons, the three principal CaBPs and Scgn exist in more circumscribed DRG neuron populations, and mainly in small-or large-sized ones (33) . In DRGs, 1.1 ± 0.2% of the NECAB1 + NPs were PV + , 9.7 ± 0.8% were CB + , 0.2 ± 0.1% were CR + , and 3.0 ± 1.2% were Scgn + . The corresponding ratios for NECAB2 were 5.8 ± 1.2%, 10.9 ± 1.2%, 0.6 ± 0.2%, and 1.8 ± 0.2%, respectively (Fig. 1B) . Conversely, many CB + NPs showed a prominent colocalization with NECAB1 (62.7 ± 12.2%) vs. 11.9 ± 1.9% for PV, 19.9 ± 14.1% for CR, and 49.5 ± 6.1% for Scgn. The same was observed for NECAB2 + neurons (PV: 42.5 ± 9.7%, CB: 72.2 ± 9.8%, CR: 29.3 ± 22.2%, and Scgn: 41.4 ± 5.2%; Fig. 1D ). Taken together, NECABs represent unique members of CaBPs expressed in a large proportion of the DRG neurons, particularly in those associated with pain signaling. NECAB1/2 Expression in the Spinal Cord. The expression patterns of NECAB1/2 were nonoverlapping in the lumbar spinal cord (Fig. 2 A and O), in contrast to their overlapping expression in DRG neurons. Anti-NECAB1 antiserum stained neurons and processes in the superficial layers of the dorsal horn and lateral spinal nucleus, as well as, but much less so, in deep layers (laminae III to V) and in lamina X (Fig. 2A) . NECAB1 + neurons in the superficial layer showed staining in the cytoplasm and proximal dendrites (Fig.  2B) . Some neurons were bipolar or multipolar, with processes extending in the longitudinal direction (Fig. 2C) . Some processes also protruded into the white matter outside of lamina I (Fig. 2A) .
A distinct neuronal subtype was the NECAB1 + neuron with long processes that embraced the border of the dorsal column. Some of these neurons had bipolar processes directed toward the right and left dorsal horns (Fig. 2 A, D , and E). NECAB1 + neurons in the deep layers of the dorsal horn and lateral spinal nucleus were multipolar ( Fig. 2 A and C) . Motor neurons in the ventral horn were colabeled for NECAB1 and CGRP (Fig. 2 A  and F) .
The analysis of NECAB1-like immunoreactivity (LI) with the CLARITY method provided further insights by visualizing the NECAB1 system in three dimensions ( Fig. 2G and Movie S1). Thus, the NECAB1 + cell bodies and processes, "embraced" the dorsal column, forming a horseshoe structure (34) with a palisade-like pattern. The bundles of NECAB1 + structures extended from the dorsal commissural region along the medial surface of the dorsal horn, separated by gaps in the longitudinal direction ( Fig. 2H and Movies S1 and S2). These processes may represent dendrites. However, no axonal process could be identified unequivocally, possibly because of a limited anterograde transport of NECAB1. This group of NECAB1 + neurons has, to our knowledge, not been described in the spinal cord previously.
The giant multipolar neurons in lamina VIII with long processes extending into lamina VII or VI and into the white matter represent a specific group of cells in the spinal ventral horn (Fig.  2 A, G, and I). They were not excitatory (negative for VGLUT2-driven Cre expression; Fig. 2J ). A few, however, were inhibitory neurons (GAD67 gfp/+ ; indicated by arrowhead in Fig. 2 K-M). Retrograde tracing with rhodamine dextran amine showed that the axons of these cells crossed the midline of the spinal ventral horn, and thus represent commissural neurons (Fig. 2N ). In Fig.  2I , some crossing axons have been highlighted with in red and green. Finally, NECAB1
+ cells with long processes extending from the lateral spinal dorsal horn (laminae III and IV) joining the midline commissural bundle running between the dorsal column and central canal were observed ( Fig. 2 A, D , and E). NECAB2 + neurons were intensely stained and widely distributed across the spinal cord, extending from lamina IIi to deep layers (laminae III and IV) ( Fig. 2 O and P) . Somatic immunoreactivity was often punctate, extending from the cytoplasm into the proximal dendrites, as seen in both the transverse and longitudinal planes ( Fig. 2 Q and R and Fig. 3E2 ). In addition, punctate NECAB2-LI, probably representing boutons, was seen throughout the gray matter, with its highest concentration in the dorsal horn and lamina X (weaker around motor neurons) ( The staining patterns for NECAB1/2 appeared, in general, complementary in the dorsal horn with a narrow band of overlap in lamina IIi (Fig. 3A) , also seen in longitudinal sections ( Fig. 3 C-E). Some cases of colocalization in cell bodies were observed in laminae II and III, as well as deep layers ( Fig. 3 A1 -B, and E1-E3), and also in the ventral horn close to lamina X ( Fig. 3 C-E).
NECAB1-LI in the superficial dorsal horn partly overlapped with CGRP + primary afferents, but no coexistence was seen ( Fig.  S2 A and B) . NECAB2-LI (laminae IIi to IV) presented a complementary distribution to the CGRP + plexus (laminae I and IIo) (Fig. S2E) . Conversely, CGRP-LI could not be detected in the weakly labeled NECAB2 + fibers and varicosities in laminae I and IIo (Fig. S2F ). With regard to IB4 + boutons, there was some colocalization with NECAB1-LI in midlamina II but not with NECAB2 ( Fig. S2 C, D, G, and H). In the ventral horn, the puncta were not colocalized with CGRP + fluorescent dots (Fig. 2S ).
Colocalization with CaBPs in the Spinal Cord: NECAB1. PV + neurons are largely restricted to deep lamina II, extending into lamina III (17, 18 Phenotyping of NECAB1/2 Dorsal Horn Neurons. To define whether NECAB1/2 label excitatory or inhibitory neurons, we carried out double staining with some established excitatory or inhibitory markers for interneurons in the dorsal horn. PKC-γ is expressed in excitatory interneurons in the deep part of laminae II and III (35) . Glutamatergic VGLUT2 + neurons are abundant throughout the spinal cord (3, 36) . To identify VGLUT2 + nuclei, we used a BAC-VGLUT2::Cre transgenic mouse line (31) (which Phenotyping of Dorsal Horn Neurons: NECAB1. These neurons did not stain for PKC-γ, even if there was some regional overlap with this marker in lamina IIi (Fig. 4 A-A3) . However, the majority of NECAB1 + neurons (72.3 ± 6.9%) in all dorsal horn layers and even in the lateral spinal nucleus were glutamatergic (Cre + ; Fig.  4 B-B3 ). Some NECAB1 + neurons in deep layers of the dorsal horn and spinal lateral nucleus colocalized with GAD gfp/+ , suggesting a GABAergic phenotype (Fig. 4 C and C2 ), but only rarely in the superficial layers (Fig. 4C1) . NECAB1 + neurons were negative for synaptophysin (cf. ref. 40) (Fig. 5 B-B3 ).
Phenotyping Dorsal Horn Neurons: NECAB2. Most of the PKC-γ + neurons in the spinal dorsal horn were NECAB2 + (Fig. 4 D-D3) . Furthermore, the majority of NECAB2 + neurons (89.9 ± 0.3%) harbored VGLUT2-driven Cre expression (Fig. 4 E-E3) . The NECAB2 + neurons lacked GAD67-driven GFP signal (Fig. 4 F  and F1 ), except for a few cases in deep layers (Fig. 4F2) . In the dorsal horn, especially in lamina IIi, we found that most NECAB2 + boutons colabeled for VGLUT2, and some of them also colocalized both VGLUT1 and VGLUT2 (Fig. 5 A-A4 ). NECAB2 + boutons were always synaptophysin + (Fig. 5 C-C3 ).
Axonal Transport of NECABs. The expression of NECAB1-LI and NECAB2-LI in both cell bodies and axons within DRGs raised the question of their centrifugal transport. We found a few NECAB2 + fibers, but no NECAB1 + fibers, in deep dermis of glabrous skin of the hind paw. They were invariably negative for CGRP (Fig. 6A) . In control sciatic nerve, both NECAB1-LI and NECAB2-LI were frequently observed together with CGRP in, apparently, the same axon, although probably not in the same subcellular compartment (Fig. 6B) . Sciatic nerve ligation showed accumulation of both NECAB1-LI and NECAB2-LI proximal to the ligation with only weak staining distally, paralleling CGRP (Fig. 6C) . We also observed NECAB1 + and NECAB2 + axons in the dorsal roots (Fig. 6D) . As in the sciatic nerve, some NECAB1 + and NECAB2 + axons colocalized with CGRP-LI, but they had a distinctly different subcellular localization (Fig. 6D,  Inset) . Taken together, both NECABs are centrifugally transported but their levels in peripheral skin are very low and mostly undetectable with our technique (as discussed above in the section on NECABs in the spinal cord).
Effects of Nerve Injury on NECABs. The results of mRNA expression analysis by qPCR on the effects of axotomy on NECAB1/2 mRNA levels in DRGs and the spinal cord are presented in Fig.   7A .
.04 ± 0.12 vs. 1.30 ± 0.13, unscaled expression data; P = 0.011) was seen in the ipsilateral spinal cord 3 d after axotomy. Relative NECAB2 mRNA levels were reduced by 50% in DRGs 3 d after denervation, which lasted for up to 2 wk. NECAB2 mRNA levels were not affected in the ipsilateral spinal cord at 3 d. In contrast, a significant elevation was seen after 2 wk (0.99 ± 0.15 vs. 1.34 ± 0.29, unscaled expression; P = 0.039).
The effects of nerve injury on total protein levels of NECABs from Western blotting analyses paralleled the changes observed for their respective mRNA transcripts (Fig. 7B) . In DRG neurons, there was no effect on NECAB1, whereas there was a 40% decrease in NECAB2 protein expression 3 d after axotomy and a 50% decrease 2 wk after axotomy. In the spinal cord, NECAB1 was significantly reduced by 20% after 2 wk (1.00 ± 0.11 vs. 0.79 ± 0.05 arbitrary units of integrated optical density; P = 0.041). The expression of NECAB2 in the spinal cord was not affected by injury.
The immunohistochemical analysis of DRGs after nerve injury confirmed the results obtained by biochemistry. The percentage of NECAB1 + NP neurons was modestly but significantly and transiently reduced after 3 d (from 68.1 ± 1.2% to 60.1 ± 2.2%; Fig. 7C ), with NECAB1 immunofluorescence intensity showing a similar change (Fig. S4) . The percentage of small NECAB1 NPs had decreased and the large ones had increased 3 d after injury (Fig. S4) . The percentage of NECAB2 + NP neurons significantly decreased to 60% after 3 d and to 40% after 2 wk (Fig.  7C) , but a reduction in the intensity of NECAB2-LI was only seen 3 d after axotomy (Fig. S4 ). There was a proportional increase for large NECAB2 NPs 3 d after injury (P < 0.05; Fig. S4 ).
Discussion
The main findings of this study are as follows: i) NECAB1/2 are expressed in large numbers of lumbar mouse DRG neurons; they coexist with other CaBPs (PV, CB, CR, and Scgn) only to a limited extent and identify a promiscuous Ca 2+ -binding protein marker for pain-related DRG neurons. ii) NECAB1/2 are centrifugally transported in DRG neurons, both peripherally and centrally, but their levels in peripheral nerve terminals are low, if not undetectable. This is in strong contrast to the situation for, for example, CGRP (41) . iii) NECAB2 expression in DRGs is regulated by peripheral nerve injury, as is NECAB1/2 expression in the dorsal horn. iv) NECAB1/2 are expressed in interneurons in the dorsal horn in a complementary fashion, sometimes colocalized with CB or CR. v) NECAB1 is expressed in an apparently unique population of neurons that are close to the dorsal column and extend processes in a regular and bundled fashion from the dorsal commissural region along the medial surface of the dorsal horn, possibly connecting the left and right dorsal horns. vi) NECAB1 identifies a subgroup of commissural neurons in lamina VII. vii) NECAB + dorsal horn neurons, especially the NECAB2 positive ones, are mainly glutamatergic. viii) NECAB2, in contrast to other CaBPs, is not confined to cell bodies/dendrites in the spinal cord but is also present in boutons/nerve endings, suggesting functions innate to synaptic neurotransmission. ix) NECAB1-LI and NECAB2-LIs were only detected in the cytoplasm, excluding the nucleus, whereas, for example, CB has a strong nuclear staining (17, 33) .
Taken together these results suggest that NECAB1/2 may play important but different roles in sensory signaling at the spinal level. In fact, our findings suggest that NECAB1/2 might represent unique CaBPs central to the cellular modulation of mechanosensation, especially pain signaling, at the spinal level.
NECABs in DRGs. NECAB1/2 are both expressed in ∼70% of all DRG neurons, mainly in small-and medium-sized neurons. Thus, they likely exhibit a certain degree of coexistence. They are similarly distributed across all three main categories (42), peptidergic, nonpeptidergic, and myelinated groups of sensory neurons, although NECAB1 is more frequently seen in the nonpeptidergic population.
Fairly little is known about CaBPs in mouse DRG neurons, although Shi et al. (33) showed that 7% are positive for Scgn.
In contrast, more data are available in the rat; however, in this species as well, the expression of classic EF-hand CaBPs (PV, CB, CR, and Scgn) is fairly restricted (18, 33). Thus, ∼14% of DRG neurons are reported to be PV + and localized in largediameter neurons (43) , with a similar proportion for CB in small-sized neurons (44) . Around 10% of medium-to large-sized neurons are CR + (45) , and 3% are Scgn + , exclusively small ones (33) . Taken together, in mouse DRGs, the NECAB + neurons, to date, constitute by far the largest population of CaBP + neurons. The fact that they represent both peptidergic and nonpeptidergic neurons, with most of them presumably being nociceptors (42) , suggests an important role in pain signaling.
NECABs in Spinal Cord: NECAB1. NECAB1-LI is found in bipolar and multipolar neurons in the superficial layers of the dorsal horn and in neurons in deep layers, as well as in motor neurons and multipolar neurons in laminae VII and VIII of the ventral horn.
Spinal dorsal horn neurons represent a highly diverse group of neurons with regard to morphology, neurochemistry, electrophysiological properties, and functions (6, (46) (47) (48) (49) (50) . Here, we defined the NECAB1 + neurons as mainly excitatory (VGLUT2 + , PKCγ − ) with only a small proportion being inhibitory (GAD67 + ), with the latter especially present in the deep layers of the dorsal horn.
Of particular interest are the many NECAB1 + neurons located in the medial aspect of laminae II-IV along the dorsal columns reaching the midline. Most of these cells "climb" on the medial dorsal column wall, but some midline cells can have one process extending into the left dorsal horn and one extending into the right dorsal horn, suggesting that they may convey information between the two sides of the cord. This group of NECAB1 + neurons pos-
Fig. 7. Effect of peripheral nerve injury on NECABs in DRGs and spinal cord (S.C.). (A) Necab1 and Necab2 transcripts (qPCR). The mRNA of Necab1 is only upregulated transiently in spinal cord (3 d after axotomy). Necab2 is down-regulated in DRGs both 3 d and 2 wk after axotomy, and it is increased in spinal cord 2 wk after axotomy. (B) NECAB1/2 proteins (Western blots). The total NECAB1 protein level is reduced in spinal cord 2 wk after axotomy, whereas NECAB2 is down-regulated 3 d and 2 wk after axotomy, but only in DRGs. (C) NECAB1/2 in DRG (immunohistochemistry), including quantification (percentage of NPs).
The percentage of NECAB1 + NPs is decreased 3 d after axotomy, whereas the reduction of NECAB2 lasts for at least 2 wk. Axo, axotomy; Con, control; 3D, 3 days; 2W, 2 weeks. *P < 0.05, **P < 0.01. (Scale bar: 100 μm.) sibly labels the dorsal arcuate bundle of dorsal commissural collaterals described by Ramón y Cajal et al. (34) . In addition, there are NECAB1 + processes in Ramón y Cajal's middle bundle (34) , running together with CGRP fibers. Furthermore, NECAB1 + neurons/processes were also seen associated with one more commissural structures ventral to the central canal (ventral commissural collaterals) (34) . Thus, commissural neurons in the medial part of lamina VII were also identified by NECAB1 + expression. These NECAB1 + commissural neurons are embedded in the large group of excitatory and inhibitory commissural neurons located in the ventral spinal cord, which are involved in left/right coordination of locomotion in mice (51) (52) (53) . The expression of NECAB1 + in a subgroup of commissural neurons may translate into specific functional properties of these groups of cells in coordinating locomotor activity. In summary, NECAB1 is associated with two commissural bundles dorsal to the central canal (dorsal arcuate bundle and middle bundle), as well as with ventral commissural collaterals, which were all described by Ramón y Cajal et al. (34) .
NECABs in Spinal Cord: NECAB2. NECAB2 staining is present in neurons with short dendrites in the dorsal horn and, interestingly, in boutons in the gray matter, with the highest density in laminae II-IV and lamina X and a lower density around motoneurons. Punctate staining is also in ventral, lateral, and dorsal columns; however, in longitudinal sections, NECAB2
+ descending/ ascending axons can be seen. In the rat dorsal horn, PV and CB are present in different subclasses of neurons (54, 55) . Around 60-70% of the PV + neurons are GABAergic (laminae II and III), whereas almost all CB + neurons are excitatory (laminae I-IV) (54) . These findings indicate a high degree of complementarity, with around 70% of NECAB1 + neurons being excitatory and those colocalized with PV perhaps being inhibitory.
Spinal Cord: NECAB2 vs. CaBPs. NECAB2, which is sparsely distributed in laminae I and IIo but enriched in laminae IIi and III, shows distinct features compared with CaBPs (essentially rat). Its overall distribution in cell bodies in the dorsal horn is most similar to that of CB. A high proportion of NECAB2 + neurons are also CB + for boutons in laminae IIi and III. We have already shown here that most of the NECAB2 + neurons are glutamatergic but rarely GABAergic. This is consistent with the established excitatory property of CB + interneurons in the rat (56) . Some NECAB2 + neurons in laminae II and III are colocalized with PV, which labels inhibitory interneurons in rat dorsal horn (6, 54) . NECAB2 also shows considerable colocalization with CR + neurons, mainly in superficial layers, but not with Scgn, which is complementary to the other three classic CaBPs in mouse spinal cord (33) .
Taken together, NECAB1/2 neurons are complementary but both still mostly excitatory. Thus, NECAB1/2 neurons probably represent different subgroups of excitatory neurons [i.e., PKC-γ + (NECAB2) and PKC-γ − (NECAB1)], although colocalized in some neurons mainly in lamina IIi.
Axonal Transport of NECABs. NECAB1 (low levels) and NECAB 2 (high levels) can both be seen in normal axons in the sciatic nerve, and they accumulate proximal to a ligation of the nerve (NECAB2 > NECAB1). However, only NECAB2 can be seen in fibers in the paw dermis. We also observed NECAB1 + and NECAB2 + fibers in the dorsal roots, showing that NECABs are also transported centrally. However, NECAB1/2 did not colocalize with CGRP in afferents in the dorsal horn or with IB4, although a limited NACAB1-IB4 coexistence was observed. Overall, these observations suggest that only small amounts of NECAB1/2 reach the peripheral and central nerve endings of the DRG neurons.
Effects of Nerve Injury on NECABs. There was a pronounced downregulation of NECAB2 in DRG neurons at mRNA and protein levels already 3 d after axotomy and lasting for 2 wk. NECAB1 was not affected significantly, even if partly expressed in the same neurons, showing selectivity. In the spinal cord, the NECAB1/2 transcripts were up-regulated, with the time course of the former preceding that of the latter. -triggered neurotransmitter release and gene expression in neurons, and they may be important in the neuropathic pain process (7, 13) . DREAM (57) is a clearly defined EF-hand Ca 2+ sensor involved in modulating neuropathic pain as a transcriptional switch for repressing and de-repressing endogenous expression of prodynorphin at the spinal level (central sensitization) (19, 57, 58) .
Here, we show a strong effect of nerve injury on the expression of NECAB2 in DRGs and the spinal cord. The function of NECAB2 (Ca 2+ buffer or sensor) at the spinal level is not known, but studies in some brain regions may give a lead. Thus, in rat hippocampus and hypothalamus, studies on mGluR5 and α2a-adrenergic receptor suggest a sensor role (22, 26). NECAB2 was identified as the interacting protein for the nuclear receptor coactivator vitamin D receptor-interacting protein complex component 150 (59), which also supports a "sensor"-like function for NECAB2 (60) . The down-regulation of NECAB2 in the soma of DRG neurons may reduce somatic neurotransmitter release (61) and cross-excitation/cross-depolarization in DRG (62) , which are known to contribute to neuropathic pain. If there is a reduction in the afferent nerve endings, synaptic signaling in the dorsal horn could also be attenuated.
It is well established that peripheral nerve injury induces significant changes in the expression of hundreds of molecules in DRG (2, 63, 64) . It has been postulated that molecules down-regulated in DRGs after peripheral nerve injury are pronociceptive, a process that serves to protect from pain (11) . For example, galanin, which is dramatically up-regulated after nerve injury, has an antinociceptive effect (65) , and the pronociceptive excitatory neuropeptides substance P and CGRP are down-regulated (66, 67) . The down-regulation of NECAB2 would then indirectly suggest that this CaBP promotes pain signaling by increasing transmitter release from central nociceptive afferents and that its down-regulation aims at counteracting pain. A possible mechanism may be related to mGluR5, which interacts with NECAB2 in rat hippocampal pyramidal cells (26) . Thus, previous electron microscopic immunohistochemistry has shown the presence of mGluR5 in primary afferent terminals of rat spinal dorsal horn, and that activation of presynaptic mGluR5 enhances the release of glutamate in the dorsal horn (68, 69) . This hypothesis has to be tested in future experiments.
Materials and Methods
Animals. WT male C57BL/6 mice, BAC-Vglut2::Cre mice (31) , and GAD67 gfp/+ reporter knock-in mice (32) were used.
Surgery. Complete transection of the sciatic nerve (axotomy) was performed at the midthigh level, and a 5-mm portion of the distal part was removed to prevent regeneration. Mice were allowed to survive for 3 d or 2 wk. For study of axonal transport, the left sciatic nerve was ligated at the midthigh level and the mice were perfused after 10 h (33).
Labeling of Crossing Spinal Neurons. For anatomical tracing, newborn mice (aged 1-2 d, n = 4) were anesthetized with isoflurane before decapitation, and the spinal cords were dissected out in cold 4°C low Ca 2+ Ringer's solution containing 111 mM NaCl, 3 mM KCl, 11 mM glucose, 25 mM NaHCO 3 , 3.7 mM MgSO 4 , 1.1 mM KH 2 PO 4 and 0.25 mM CaCl 2 , gassed with 95% O 2 /5% CO 2 (pH 7.4). After dissection, crossing neurons were labeled retrogradely via application of 3,000-Da rhodamine-labeled dextran amine crystals (Invitrogen/Molecular Probes) paramedial to the midline of the L2 segment, as described previously (39) . To allow retrograde labeling of crossing neurons, preparations were incubated for 5-7 h in the dark in oxygenated normal Ringer's solution at room temperature. After incubation, the spinal cords were immersed in 4% (wt/vol) paraformaldehyde for 2 h and processed for immunohistochemistry (39) .
Processing of Spinal Cord Tissue for CLARITY. Spinal cords from formaldehydeacrylamide hydrogel perfused WT adult mice were extracted for CLARITY (30) processing. Incubation in hydrogel monomer solution at 4°C for 3 d was followed by embedding in polymerized hydrogel by raising the temperature to 37°C for 3 h. For samples of this size, clarification can be completed by incubation in a solution of 4% (wt/vol) SDS (Amresco) in sodium borate buffer [200 mM (pH 8.5); Sigma] at 37°C for 4-6 wk, followed by washing for 2 d in PBS + 0.1% Triton X-100 (PBST; Sigma).
To stain intact spinal cords, clarified tissue was incubated in 1% hydrogen peroxide in methanol at 4°C overnight, followed by washing for 2 d in PBST. Samples were blocked at room temperature overnight using the TSA kit (PerkinElmer), followed by incubation in anti-NECAB1 primary antibody (HPA023629; Atlas Antibodies AB) in PBST (1:100 dilution) at 37°C for 5 d; they were then washed in PBST at 37°C for 3 d, incubated in goat anti-rabbit HRP secondary antibody (1:1,000 dilution, PerkinElmer) at 37°C for 5 d, and washed in PBST at 37°C for 3 d. Immunoreactivity was visualized with a TSA Cyanine 5 kit (PerkinElmer) following the manufacturer's protocol; samples were then washed in PBST + DAPI (10 ng/mL; Sigma) overnight and placed in FocusClear (CelExplorer) at least 2 h before imaging.
To create 1-mm thick tissue blocks for some of the imaging, samples were embedded in 2% (wt/vol) agarose and cut with a vibratome after clarification. Resulting samples were stained as described above with the following incubation times: hydrogen peroxide (overnight), PBST wash (1 d), blocking (overnight), primary antibody exposure (1 d), PBST wash (1 d), secondary antibody application (1 d), and PBST wash (1 d). Samples were incubated in FocusClear before imaging. The cleared tissue blocks were mounted on coverglass-bottomed dishes (Willco) as previously described (30) and imaged using a water immersion objective with a magnification of 25× and N.A. of 1.05 and a confocal microscope (Olympus). Image stacks were acquired with a z-step spacing of 3 μm or 6 μm. Analysis, volume rendering, and neurite tracings were performed with ImageJ (National Institutes of Health) and Amira software (FEI Visualization Science Group).
Real-Time qPCR. The qPCR reactions were performed with custom-designed primers on a Bio-Rad MyIQ thermal cycler (BioRad Laboratories) (SI Materials and Methods).
Immunohistochemistry. For immunohistochemistry, formalin-fixed lumbar (L4 and L5) DRGs, the corresponding lumbar segments of the spinal cord, the sciatic nerve, and the hind leg paws were frozen and sectioned on a cryostat. Sections were processed using the TSA Plus method (PerkinElmer) (SI Materials and Methods). Antibodies used in this study were listed in Table S1 .
Western Blotting. Total protein samples were separated on 10% SDS/PAGE gels, developed with the enhanced chemiluminescence method, and quantified using Image Lab software (Bio-Rad Laboratories) (SI Materials and Methods).
Microscopy and Image Processing. Representative images, and for quantification and analysis of NECAB + DRG NPs, cross-sectional areas, integrated OD and intensity plots, and colocalization with other markers were acquired on a Zeiss LSM700 confocal laser-scanning microscope. Images were processed using ZEN2012 software (Zeiss). Multipanel figures were assembled using Adobe Photoshop CS6 software (Adobe Systems) (SI Materials and Methods). A detailed description of quantification is included in SI Materials and Methods.
Statistics. All data were expressed as mean ± SEM and assessed by an unpaired t test using Prism 6 software (GraphPad), except for nerve injury data expressed as mean ± SD, which were also analyzed with a t test. The criterion for statistical significance was P < 0.05. BSA; Cell Signaling Technology), used as the loading control. Images were quantified with Image Lab software (Bio-Rad Laboratories) on nonsaturated images. In some cases, orthogonal z-stacks were acquired with a depth interval of 1 μm with an objective with a magnification of 40× (as specified in the figure legends). Images were processed using ZEN2012 software (Zeiss). Multipanel figures were assembled using Adobe Photoshop CS6 software (Adobe Systems).
Quantitative Morphometry. For quantification of neuron profiles (NPs) of NECAB + DRG neurons, three to five L5 DRG sections, immunostained for NECABs and counterstained with 0.001% propidium iodide (PI; Sigma) (n = 5), were selected from different levels (usually a four-section interval). Sections were tile-scanned with an LSM700 laser-scanning microscope equipped with a Plan-Apochromat M27 objective with a magnification of 20× and N.A. of 0.80. The intensity of NECAB-like immunoreactivity in neurons higher than mean plus two folds of SD of the soma of negative neurons from each section was considered positive. The total number of DRG NPs was counted on PI-stained specimens. All of the counting, including the quantification of colocalization, was performed using Adobe Photoshop CS6 software. The cross-sectional area and intensity (mean gray value) of NECAB + neurons were also collected using ImageJ v.1.46 software (National Institutes of Health). Only NECAB + neurons with a clear nucleus were collected, and the background for each ganglion was subtracted for intensity quantification. Size distribution of NECAB + DRG neurons was performed according to the method of Scherrer et al. (8) using size cutoff classification criteria as follows: small (<300 μm 2 ), medium (300-700 μm 2 ), and large (>700 μm 2 ). For the quantification of colocalization between NECABs and calcitonin gene-related peptide, IB4, neurofilament 200, or Ca 2+ -binding proteins (CaBPs) in DRGs, three to five slides (for each marker) of DRG sections (n = 5) were doublestained, tile-scanned (with an objective with a magnification of 20×), and counted using Photoshop CS6. Colocalization between NECAB1 and CaBP + interneurons in spinal dorsal horn was assessed using the same procedure. We refrained from quantifying NECAB2-CaBP colocalization, because the staining of NECAB2 + cell bodies was not distinct (in contrast to that of NECAB1). We only performed a quantification of NECAB2 with VGLUT2 or GAD67 in the spinal dorsal horn. The assessment of colocalization between NECABs and VGLUT2-CRE or GAD67-GFP + neurons in spinal dorsal horn was based on two transgenic mice per strain. Before the quantification of colocalization between the cytoplasmic NECAB1 or NECAB2 and nucleus Cre staining, we performed the 3D laser scanning randomly to confirm the naturally complementary colocalization of the cytoplasm and nucleus. . Effects of nerve injury on intensity and size distribution of NECAB + neurons (n = 2,503 for NECAB1 and n = 3,885 for NECAB2). Axo, axotomy; Con, control; 3D, 3 days; 2W, 2 weeks. *P < 0.05, **P < 0.01. Movie S1. The movie shows a series of NECAB1 + images through the 3D reconstruction data from mouse lumbar spinal cord (1-mm thickness) after the CLARITY process.
Movie S1
